Abstract Various situations observed when oxidizing organic compounds via ozone in a semi-batch reactor are illustrated. The resistance to the transfer of ozone from gas to liquid is accounted for using the film model. The mass balances are numerically solved simultaneously within the reactor and within the film to produce time dependent profiles of concentrations, Hatta, enhancement and depletion factors. Firstly, theoretical profiles are exemplified for various kinetic regimes from slow to fast; reaction occurs either in the bulk, in the film or in both. This shows the drastic importance of the shapes of the gas concentration profiles -both at the exit of the reactor and in the liquid phase -in determining the regime. Then, a typical example dealing with fumaric acid ozonation is shown. Firstly, the acid itself oxidizes rapidly producing an intermediate regime: part of the reaction occurs within the film, part within the bulk and the rate constant can be determined. Then, the by-products oxidize more slowly producing a typical regime: reaction occurs within the bulk, the concentration of dissolved ozone is almost 0 and the mass transfer coefficient can be determined. Finally, when all organics have oxidized, the self-decomposition of ozone governs a slow kinetic regime: the concentration of dissolved ozone is close to equilibrium.
Introduction
Ozone treatment of wastewater usually takes place in bubble columns or similar reactors. In the process, the global reaction rate depends both on the transfer rate of ozone from the gas bubbles to the liquid and on the reaction rate itself. A mathematical model, based on film theory (Lewis and Whitman, 1924) , was previously developed (Benbelkacem and Debellefontaine, 2003) to describe the behaviour of a global gas-liquid reactor as shown in Figure 1 , where a gas compound A (standing for ozone) reacts according to (A + νB  k → . . .) with a non-volatile compound B (standing for any organic). In this paper, the typical concentration profiles versus time of the compounds in the reactor are presented according to the corresponding kinetic regimes. Finally, results obtained during ozonation of fumaric acid in a semi-batch bubble column are presented to illustrate the kinetic regimes studied in the first part.
Model characteristics and methods
The model (Benbelkacem and Debellefontaine, 2003) considers all the kinetic regimes, the slow one where the reaction occurs within the bulk, the fast one where the reaction occurs only within the film, but, especially, it also considers any intermediate situation. Firstly, the concentration profiles within the film of the dissolved gas A and the organic compound B are determined by solving the mass balances within this film using a finite differences method and Matlab software. In these mass balances, the Hatta number, written for partial orders equal to 1 with respect to both reagents in Eq. (1), is the most important parameter to consider. From the slope of the concentration profile of dissolved gas A, the exact value of the enhancement factor E is obtained by applying Eq. (2) and as shown in Figure 2 . A depletion factor D is also introduced (Eq. (3)) to describe the flow rate entering the bulk liquid. Knowing these two factors, the flow rate reacting within the film can easily be calculated as the difference between the flow rates entering and leaving the film (Eq. (4)).
(1)
where k L is the mass transfer coefficient (m.s -1 ), k the reaction rate constant (m 3 .mol -1 .s -1 ), C A the dissolved gas concentration within the film (mol.m -3 ), C * A the equilibrium concentration at the gas-liquid interface (mol.m -3 ), C i,bulk the concentration in the bulk liquid (mol.m -3 ), N A,film the reaction rate within the film (mol.s -1 ), S the interfacial area (m 2 ), D A the diffusivity of A (m 2 .s -1 ) and δ L = D A /k L the thickness of the film (m).
For a reactor closed to the liquid phase and open to the gas phase, as shown in Figure 1 , the second part of the model includes the mass balance equations (Eqs. 5 to 7) when a chemical reaction of second-order occurs between reagent A carried by the gas and reagent B which is non-volatile.
(5) (6) (7) where V gas is the gas volume within the reactor (m 3 ), V bulk the volume of the bulk liquid within the reactor (m 3 ), Q g the gas flow rate (m 3 .s -1 ), ν the stoichiometric coefficient, C g,in and C g,out the gas concentrations at the inlet and the outlet of the column (mol.m -3 ), C g the 
average gas concentration in the reactor (mol.m -3 ) and C * A the average liquid concentration at equilibrium with the gas at concentration C g .
The mass balances (Eqs. 5 to 7) are solved using a Runge-Kutta method available on Matlab software. As the concentrations are time dependent, a subroutine determines the concentration profiles within the film and then the E and D values (Eqs. 2 and 3) at each time interval. This resolution gives the concentration profiles of all components versus time with the following chief advantages:
• a rigorous calculation of the enhancement factor E, • a continuous monitoring of the variation in Ha, E and D versus time, which is essential in a batch reactor, • a determination of the fraction of the reaction occurring within the film (see Eq. 4). This fraction can change from 1 for fast reactions to 0 for slow reactions. Intermediate values are characteristic of the intermediate regime.
When fitting the model to experimental results, the various experimental conditions, mass transfer parameters and gas flow characteristics are introduced into the model at a preliminary stage. A trial and error method is then used to determine the kinetic rate constant of the reaction between the dissolved gas and the organic compound: a first guess is proposed for the value of the rate constant and this constant is adjusted until the numerical results fit the experimental values.
Results and discussion

Theoretical concentration profiles
To illustrate the results given by this model, the rate constant k is varied while all other parameters are kept constant during computation of the profiles. This produces four typical kinetic regimes: the slow regime where the reaction occurs only within the bulk liquid, a specific slow regime where the reaction is negligible within the liquid film but fairly fast within the bulk liquid, the intermediate regime where the reaction occurs both in the liquid film and the bulk liquid and, finally, the fast regime where the reaction occurs only within the liquid film. The concentration profiles versus time of the gas A at the outlet of the reactor, of the dissolved gas and the compound B are given as well as the variation in the dimensionless numbers Ha, E and D. Slow kinetic regime (Ha<0.02) . Figure 3 describes the case of a slow reaction where mass transfer is not the limiting step. In this case, dissolved gas appears at the beginning of the reaction (Figure 3a ) and the variation in concentration of component B with time is slightly curved. Moreover, the variation in dimensionless numbers (Figure 3b ) confirms that the reaction is very slow: Ha(t) is always small (Ha<0.02) and E and D are equal to one throughout the reaction period. Figure 4 , the case where mass transfer begins to become limiting is shown. The concentration profiles are different from those presented in Figure 3 . Indeed, during the oxidation of B, the dissolved gas concentration is close to zero and the gas concentration at the outlet of the reactor does not change. On the other hand, as soon as there is no more B in the liquid, an increase in gas and dissolved gas concentrations is observed, to reach a steady state close to the equilibrium. The variation in the dimensionless numbers (Figure 4b) shows that reaction still occurs only within the bulk liquid: E and D still remain close to 1 throughout the reaction period. These specific conditions correspond to the usual ones used for the determination of the volumetric mass transfer coefficient (Roizard et al., 1996) . Figure  4a and Figure 5a are compared, only the gas concentration profiles at the outlet of the reactor are different. Indeed, whereas an almost horizontal profile is obtained in Figure 4a , an increase in gas concentration is observed in Figure 5a . This variation is related to the transfer enhancement by the chemical reaction (see Eq. 5): because of the decrease in E versus time in batch reactor, the product E(t).k L a also decreases and this results in an increase in gas concentration at the outlet of the reactor throughout the oxidation period.
Specific slow kinetic regime (0.02<Ha<0.3). In
Intermediate kinetic regime (0.3<Ha<3).
Fast kinetic regime (Ha>>3).
The fast kinetic regime is illustrated in Figure 6 . The reaction occurs only within the film, D(t) is close to zero throughout almost all the oxidation period and, at the initial time, a high value of E is obtained (E = 9.8). It is interesting to notice that, throughout the first 20 minutes, there is no gas A exiting from the reactor. 
Example of application
To illustrate the concentration profiles described previously, the reaction between ozone (compound A) and fumaric acid (compound B) in a semi-batch bubble column is studied. The results of this typical gas absorption process have been previously published in Benbelkacem and Debellefontaine (2003) and are reproduced in Figure 7 . In this present paper, these results are only discussed in relation with the theoretical concentration profiles. Figure 7a , where the symbols represent the experimental results, shows the variation of fumaric acid concentration versus time when it reacts with ozone at a neutral pH and at a gas flow rate of 200 L.h -1 . In this same figure, the ozone concentration profiles of the gas outlet and within the liquid are presented. In Figure 7b , the variations in dimensionless numbers computed when fitting the model to the experimental results are reported.
Discussion
The four examples (Figures 3 to 6) show clearly that the concentration profiles of dissolved gas A and gas at the outlet of a semi-batch reactor are at least as important as the concentration profiles of B in characterizing the kinetic regime, especially when the mass transfer is the limiting step. Indeed, for the three last cases, the concentration profiles of compound B are roughly the same but the kinetic regimes are totally different, changing from reaction only within the bulk to reaction only within the liquid. Only the variation in gas concentration at the outlet of the reactor enables the kinetic regime to be determined. Fumaric acid ozonation (Figure 7 ) can be divided into three periods where the kinetic regime varies due to the fact that the reactor runs in a batch mode for the liquid phase.
• During the first 25 minutes, the global process is governed by the oxidation of the fumaric acid. The dissolved ozone concentration is close to zero and the ozone concentration in the gas at the outlet of the reactor varies from 2 to 10 g.m -3 : these profiles characterize the intermediate kinetic regime (see Figure 5 ). The variation in Ha, E and D (Figure 7b ) confirms that this regime is obtained: Ha for fumaric acid varies from ) [fumaric] [ozone]gas ) [fumaric] [ozone]gas 3.01 to 0, E from 3.00 to 1 and D from 0.30 to 1. As shown in Figure 7a , a rate constant equal to 150 m 3 .mol -1 .s -1 allows the model to fit with all experimental values, giving an accurate description of all the concentration profiles. It is important to notice that in this specific kinetic regime, and in spite of the mass transfer limitation, the determination of the kinetic rate constant is possible: indeed, the decrease of the enhancement factor E versus time, described by the ozone gas profile, is strongly dependent on the decrease of the Hatta number versus time and thus dependent on the rate constant.
• During the second period (25-45 min), the oxidation of fumaric acid by-products governs the global process. Dissolved ozone concentration still remains close to zero and ozone concentration in the gas at the outlet of the column does not vary significantly: these profiles characterize the specific slow kinetic regime (see Figure 4 ). E and D are no longer changing and are equal to one (Figure 7b ). The determination of the volumetric mass transfer coefficient is possible in this zone.
• During the last period (after 45 min), dissolved ozone appears in the bulk liquid and this concentration, just like the ozone gas concentration, increases and stabilizes at a value close to equilibrium: these profiles characterize the slow kinetic regime (see Figure 3) where ozone self-decomposition and the oxidation of refractory by-products are the main reactions.
Conclusions
The behaviour of a gas-liquid reactor has been described. The approach is based on the film model and also includes the resolution of the mass balances for a semi-batch reactor where the concentrations are time dependent. This resolution method provides the concentration profiles versus time of the gas at the outlet of the reactor, of the dissolved gas and of the organic compound studied, as well as the variation in dimensionless numbers Ha, E and D. Four kinetic regimes are considered, going from the slow to the fast regime and the typical concentration profiles of each regime are presented. These cases clearly show the importance of the concentration profiles of dissolved gas and gas at the outlet of the reactor in determining the kinetic regime, especially when the mass transfer is the limiting step. An example of an application is presented with the ozonation of fumaric acid in a semi-batch bubble column. Because of the batch mode used for the liquid phase, the kinetic regime varies throughout the reaction period. It begins with the intermediate regime during oxidation of fumaric acid and where the determination of the kinetic rate constant is possible; then, the specific slow regime is reached during the oxidation of the by-products and where the determination of the volumetric mass transfer is possible; finally, the slow regime is obtained.
